Many enzymes use nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide phosphate (NAD(P)) as essential coenzymes. These enzymes often do not share significant sequence identity and cannot be easily detected by sequence homology. Previously, we determined all distinct locally conserved pyrophosphate-binding structures (3d motifs) from NAD(P)-bound protein structures, from which 1d sequence motifs were derived. Here, we aim to establish the precision of these 3d and 1d motifs to annotate NAD(P)-binding proteins. We show that the pyrophosphate-binding 3d motifs are characteristic of NAD(P)-binding proteins, as they are rarely found in nonNAD(P)-binding proteins. Furthermore, several 1d motifs could distinguish between proteins that bind only NAD and those that bind only NADP. They could also distinguish between NAD(P)-binding proteins from nonNAD(P)-binding ones. Interestingly, one of the pyrophosphate-binding 3d and corresponding 1d motifs was found only in enoyl-acyl carrier protein reductases, which are enzymes essential for bacterial fatty acid biosynthesis. This unique 3d motif serves as an attractive novel drug target, as it is conserved across many bacterial species and is not found in human proteins.
Many enzymes use nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide phosphate (NAD(P)) as essential coenzymes. These enzymes often do not share significant sequence identity and cannot be easily detected by sequence homology. Previously, we determined all distinct locally conserved pyrophosphate-binding structures (3d motifs) from NAD(P)-bound protein structures, from which 1d sequence motifs were derived. Here, we aim to establish the precision of these 3d and 1d motifs to annotate NAD(P)-binding proteins. We show that the pyrophosphate-binding 3d motifs are characteristic of NAD(P)-binding proteins, as they are rarely found in nonNAD(P)-binding proteins. Furthermore, several 1d motifs could distinguish between proteins that bind only NAD and those that bind only NADP. They could also distinguish between NAD(P)-binding proteins from nonNAD(P)-binding ones. Interestingly, one of the pyrophosphate-binding 3d and corresponding 1d motifs was found only in enoyl-acyl carrier protein reductases, which are enzymes essential for bacterial fatty acid biosynthesis. This unique 3d motif serves as an attractive novel drug target, as it is conserved across many bacterial species and is not found in human proteins. N icotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP), collectively referred to as NAD(P), are important coenzymes widely used in biochemical processes of living cells. Among the ,0.54 million sequences in the June 2013 update of the UniProtKB/Swiss-Prot database 1 , ,5.4% proteins are annotated as binding NAD(P). The NAD(P)-binding enzymes are involved in catalyzing redox or nonredox reactions. Many of these enzymes are therapeutic drug targets; e.g., the ADPribosylating toxins 2 and polyADP-ribose polymerases 3, 4 . However, NAD(P)-binding enzymes often do not share significant sequence identity and cannot be easily detected by sequence homology. Hence, 1d sequence motifs characteristic of NAD(P)-binding enzymes would be useful in predicting if a protein binds NAD(P) [5] [6] [7] [8] [9] [10] [11] . A few consensus sequences have been proposed for Rossmann-fold NAD(P)-binding proteins. Rossmann et al. 12 first found the phosphate-binding sequence G-X 1-2 -G-X-X-G from an alignment of the sequences of dogfish lactate dehydrogenase, pig, lobster, and yeast glyceraldehyde-3-phosphate dehydrogenase, horse liver alcohol dehydrogenase, and bovine glutamate dehydrogenase. However, this phosphate-binding motif is relatively short and exceptions to this motif have been found 13 , so it would not be a reliable signature for Rossmann-fold NAD(P)-binding proteins. Subsequently, Kleiger and Eisenberg 14 found G-X-X-X-[G/A] motifs following the phosphatebinding G-X 1-2 -G-X-X-G motif in flavin adenine dinucleotide (FAD) and NAD(P)-binding Rossmann folds. They proposed an extended G-X 1-2 -G-X-X-G-X-X-X-[G/A] motif as an indicator of Rossmann folds that bind FAD or NAD(P). However, recent analyses 11 showed that the fourth residue after the third conserved Gly in the G-X 1-2 -G-X-X-G motif is not a conserved Gly or Ala but is variable. Using geometric matching to cluster phosphate-binding sites of Rossmann-fold proteins with similar 3D structure, Brakoulias and Jackson 15 found a variant of the G-X-G-X-X-G motif, namely, G-X-G-X-V-G, and a new G-X-X-X-G-I-G motif. Because 1d motifs with similar structures depend on the cofactor type (NAD or NADP) and on the side chain orientations 11 , 1d motifs derived without consideration of the cofactor type and/or local similarity of both backbone and side chain structures would not be reliable in annotating protein function from sequence alone.
In our previous work 11 , we presented a strategy to identify 1d motifs from a set of NAD(P)-binding proteins sharing little sequence identity, but having in common a locally conserved structure (3d motif) for a certain function. We found twelve distinct locally conserved structures for binding NAD(P) pyrophosphates consisting of a b-strand, followed by a turn/loop and a phosphate-binding a-helix. These pyrophosphate-binding ba structures, labeled I,…,XII, are present in nearly three-quarters of the NAD(P)-binding domains in the Protein Data Bank (PDB) 16 . Sequence motifs were then derived from class I, II, III, IV, and XII structures, but not from the other 3d motifs, which do not have enough sequences (#14) to generate statistically significant 1d motifs. The same-length sequences from NAD and NADP-bound structures comprising each pyrophosphate-binding structural class in Fig. 1 were aligned separately. For example, out of 105 structures with the class IV 3d motif, 45 contain NAD and 60 contain NADP; alignment of the 45 sequences from the NAD-bound structures with the class IV 3d motif yielded
, whereas alignment of the 60 sequences from the NADP-bound structures comprising the same 3d motif yielded
. The consensus NAD(P)-binding sequences derived from the 3d motifs in Fig. 1 appear to be statistically significant, as they are found in #1.2% of randomized sequences (see Supplementary Table S1 ), except for the NADP-binding consensus sequences corresponding to structural class III (,3.6%) and class I (14%) 11 . However, the randomized sequences are not real biological sequences, therefore the potential of these NAD(P) 1d motifs to annotate NAD(P)-binding proteins remains unclear.
In this work, we address the following questions: (1) How often do the distinct pyrophosphate-binding 3d motifs in Fig. 1 occur in nonNAD(P)-binding proteins? (2) Since the 1d motifs in Fig. 1 were derived from either NAD or NADP-bound structures, can they distinguish between proteins that bind only NAD and those that bind only NADP? (3) Can the NAD(P) pyrophosphate-binding 1d motifs distinguish between NAD(P)-binding proteins and nonNAD(P)-binding ones? In particular, can they differentiate proteins that bind FAD, which is similar to NAD and also has a pyrophosphate group? Notably, we are interested in the precision (fraction of correctly predicted NAD(P)-binding proteins) of the motifs in Fig. 1 . To address these questions, we created four datasets of 3d structures and seven datasets of 1d sequences (see Table 1 ). The results show that the 3d motifs in Fig. 1 are statistically significant, as they are rarely found in 3d structures of nonNAD(P)-binding proteins. Several 1d motifs could correctly distinguish between proteins that bind only NAD and those that bind only NADP. Furthermore, 1d motifs derived from class II, IV, and XII 3d motifs can be used to distinguish NAD(P)-binding proteins from nonNAD(P)-binding ones.
Results
Four pyrophosphate-binding 3d motifs are characteristic of NAD(P)-binding proteins. To assess if the distinct pyrophosphate-binding 3d motifs in Fig. 1 are characteristic of NAD(P)-binding proteins, we computed the occurrence frequency of a 3d motif corresponding to structural class j in #3.5 Å protein structures containing (1) NAD(P), (2) FAD, (3) phosphate-containing ligands including FAD, and (4) no NAD(P), FAD, or phosphate groups. For each of these 3d motifs, the percentage occurrence frequency in the NAD(P)-binding proteins is significantly greater than that in the NADP(P)-free proteins, except the class I 3d motif, which appears more often in FAD-binding proteins than in NAD(P)-binding ones (see Table 2 ). All the pyrophosphate-binding 3d motifs except the class I motif can distinguish NAD(P)-binding proteins from nonNAD(P)-binding proteins with positive predictive values (PPVs) $ 83%. Interestingly, the class IV and XII 3d motifs seem to be unique to NAD(P)-binding proteins, as they were not found in any of the NAD(P)-free structures. The class III 3d motif, which has a similar backbone structure as the class IV motif but different side chain orientations (see Fig. 1 ), is not found in any of the FAD structures and rarely in the other NAD(P)-free structures (PPV , 92%). The class I 3d motif, which occurs most frequently in NAD(P)-binding proteins, can differentiate NAD(P)-binding proteins from nonphosphatebinding ones (PPV , 80%), but not from proteins that bind phosphate-containing ligands (PPV , 51%).
Four pyrophosphate-binding 1d motifs can distinguish between NAD-and NADP binding proteins. Some of the 3d motifs in Fig. 1 appear to be NAD or NADP-specific; e.g., the class II 3d motif was found only in NADP-bound structures, while the class XII 3d motif was found predominantly in NAD-bound structures. Furthermore, the pyrophosphate-binding 1d motifs were derived from NAD and NADP-bound protein structures separately 11 (see Fig. 1 ). To determine if the pyrophosphate-binding 1d motifs can distinguish between NAD-and NADP-binding proteins, the % occurrence frequencies of the 1d motifs in the 1d-NAD and 1d-NADP datasets and PPVs were computed (see Table 3 ). Four of the 1d motifs can distinguish between NAD and NADP-binding proteins with PPVs $ 76%. Remarkably, the II_NADP motif derived from class II NADP-bound protein structures was not found in any of the NAD-binding proteins, whereas the XII_NAD motif derived from class XII NAD-bound protein structures was not found in the 1d-NADP dataset. The number of structures in the given dataset containing the 3d motif belonging to class j divided by the total number of structures/proteins in the given dataset, multiplied by 100. In contrast, the 1d motifs derived from class I and class III NADPbound protein structures (I_NADP and III_NADP) as well as those derived from class III and class IV NAD-bound protein structures (III_NAD and IV_NAD) cannot distinguish between NADP-and NAD-binding proteins. The difference in specificity of the I_NAD and I_NADP motifs indicates that the presence of hydrophobic residues either four residues before the first conserved glycine (VILCAF) or preceding the third conserved glycine (IVAMLF), and/or the strict conservation of all three glycines, appear to be characteristic features of proteins with the class I 3d motif that bind only NAD. Along the same vein, the difference in specificity of the IV_NADP and IV_NAD motifs indicates that the allowance of arginine at the position of the second conserved glycine followed by hydrophobic residues; i.e., [GR]-[ILF], seems to be a signature of proteins with class IV 3d motif that bind only NADP.
1d motifs can distinguish between NAD(P)-binding and FADbinding proteins. Since FAD is most similar to NAD, do the 1d motifs in Fig. 1 also bind the FAD pyrophosphate group? To answer this question, the 1d motifs were tested on the 1d-FAD dataset, which contains sequences from the UniProtKB/Swiss-Prot June 2013 database 1 with the ligand keyword FAD. Interestingly, although the pyrophosphate group is common to both FAD and NAD(P), the 1d motifs in Fig. 1 appear to recognize specifically the NAD(P) pyrophosphate with PPVs $ 96%, except for the 1d_NADP motif where the PPV is 84%. Notably, the 1d motifs derived from the class II, IV, and XII 3d motifs were not found in the 1d-FAD dataset.
1d motifs derived from class II, IV, and XII 3d motifs can distinguish between NAD(P)-and nonNAD(P)-binding proteins. To determine if the 1d motifs derived from NAD(P)-bound protein structures can distinguish between NAD(P) and nonNAD(P)-binding proteins, the % occurrence frequencies of the 1d motifs in the 1d-NAD(P), 1d-PO 4 (which include FAD-binding sequences), 1d-nonPO 4 , and 1d-nonNAD(P) datasets were computed. Sequences in the 1d-PO 4 and 1d-nonPO 4 datasets comprise the 1d-nonNAD(P) dataset. The results in Table 4 show that although the number of NAD(P)-binding proteins is an order of magnitude less than the number of nonNAD(P)-binding proteins, the % occurrence frequencies of the 1d motifs in the 1d-NAD(P) dataset are significantly greater than those in the 1d-PO 4 or 1d-nonPO 4 dataset. Like the class IV and XII 3d motifs, the IV_NAD, IV_NADP, and XII_NAD motifs seem to be unique to NAD(P)-binding proteins, as they were not found in any of the nonNAD(P)-binding protein sequences. The II_NADP motif was also not found in nonphosphate-binding proteins (PPV 5 100%) but do occur in phosphate-binding proteins, yielding a lower PPV of 79%. Like the II_NADP motif, the I_NAD and III_NAD motifs occur more often in the 1d-PO 4 dataset than in the 1d-nonPO 4 one, hence they can discern nonphosphate-binding proteins from NAD(P)-binding ones with a PPV of 84 and 78%, respectively.
Application of 3d and 1d motifs in human proteome annotation. All the 3d motifs in Fig. 1 (except class I) , which could distinguish between NAD(P)-and nonphosphate-binding proteins with $90% PPV (see Table 2 ) were used to predict NAD(P)-binding proteins in human structures from the June 2013 release of the PDB 16 . Interestingly, the class XII 3d motif was not found in any human protein structure. The class II, III and IV 3d motifs were found in 41 human proteins, whose structures indeed contain NAD(P), confirming all the predictions.
The 1d motifs derived from the class IV and XII 3d motifs, which could distinguish between NAD(P)-and nonNAD(P)-binding proteins with 100% PPV (see Table 4 ), were used to predict NAD(P)-binding proteins in human sequences from the June 2013 UniProtKB/Swiss-Prot database 1 . Like the class XII 3d motif, the XII_NAD motif was not found in any human protein sequence The number of protein sequences in the given dataset matching the 1d motif divided by the total number of sequences in the given dataset, multiplied by 100. (see Discussion). The IV_NAD and IV_NADP motifs predicted 25 and 21 NAD(P)-binding proteins, respectively, out of which two are novel (accession numbers Q8N5I4 and Q96LJ7). The II_NADP 1d motif, which can discern NAD(P)-binding proteins from nonphosphate-binding ones with 100% PPV, predicted two NAD(P)-binding human sequences, one of which is novel (accession number Q9GZT4).
Discussion
This work has shown that the distinct locally conserved structures employed by NAD(P)-binding proteins for the same function; viz., binding the pyrophosphate, rarely occur in other proteins, especially those do not bind phosphate-containing ligands. Given a novel structure of a protein with unknown function, the 3d motifs in Fig. 1 could help to not only identify a NAD(P)-binding protein, but also suggest the pyrophosphate-binding site. This could in turn help to dock the cofactor to the protein. Given a novel sequence with little homology to existing sequences, 1d motifs derived from class IV and XII 3d motifs, which are not found in any nonNAD(P)-binding proteins, can be used to annotate NAD(P)-binding proteins, whereas the II_NADP motif, which was not found in nonphosphate-binding proteins, can distinguish between NAD(P)-and nonphosphatebinding proteins. These 1d motifs predicted three novel NAD(P)-binding human sequences. This work has also shown the usefulness of the motifs by revealing a novel drug target region with unique sequence and structural characteristics: The locally conserved class XII phosphate-binding structure and sequence are found only in bacterial enoyl-acyl carrier protein reductases (EC 1.3.1.9/1.3.1.10), which are key enzymes of the type II fatty acid synthesis system. Because new antibiotics are urgently needed for multidrug-resistant bacteria and the function of enoyl-acyl carrier protein reductase is essential for the bacterial survival 17 , the class XII 3d motif serves as an attractive novel drug target region since it is conserved across many bacterial species and is not found in any human proteins.
Methods
Dataset of NAD(P)-bound protein structures. A set of redundant NAD(P)-binding protein structures was created by searching the June 2013 release of the PDB 16 for #3.5 Å X-ray structures of proteins bound to oxidized or reduced NAD(P). If a NAD(P)-binding protein has multiple structures, then the highest resolution structure was chosen. If the structure contains multiple subunits, only one representative conformation was included. This generated 1,096 NAD(P)-binding proteins in the 3d-NAD(P) dataset (Fig. 2, left) . Datasets of NAD(P)-binding sequences. All NAD(P)-binding sequences were extracted from the manually curated UniProtKB/Swiss-Prot June 2013 database 1 by searching for the ligand keyword NAD or NADP. They were compared to those in the PDB and identical sequences were removed. This yielded a set of 24,516 NAD(P)-binding sequences (1d-NAD(P) dataset). To create a set of protein sequences that bind only NAD (1d-NAD) and another set of sequences that bind only NADP (1d-NADP), the annotated NAD-binding and NADP-binding sequences in the 1d-NAD(P) dataset were compared. Those sharing $ 40% sequence identity were removed, as such sequences may bind both NAD and NADP. This yielded 15,340 NAD-binding and 6,722 NADP-binding sequences (Fig. 2, right) .
Dataset of NAD(P)-free protein structures. To obtain NAD(P)-free protein structures, the sequences of all proteins with #3.5 Å PDB structures were compared with the NAD(P)-binding sequences using CD-HIT-2D 18 . Those sharing $ 40% sequence identity were removed, as these structures might be similar to the NAD(P)-bound protein structures so their sequences might bind NAD(P). Sequences predicted by PSI-BLAST 19 to be NAD(P)-binding with an E-value , 0.005 were also removed. The remaining NAD(P)-free protein structures were divided into two groups: (i) those containing nucleic acids or cofactors with phosphate groups and (ii) those without any bound phosphate. The first group contained 10,292 NAD(P)-free structures with phosphate-containing ligands (3d-PO 4 dataset), while the second group comprised 33,514 NAD(P)-free structures with no phosphate groups (3d-nonPO 4 dataset) (Fig. 2, left) . From the 3d-PO 4 dataset, 348 structures that contained FAD were extracted to generate the 3d-FAD dataset.
Dataset of NAD(P)-free sequences. To determine how well the 1d motifs can distinguish NAD(P)-binding proteins from nonNAD(P)-binding ones, three 1d datasets for nonNAD(P)-binding proteins were created. All NAD(P)-binding sequences in the 1d-NAD(P) dataset were removed from the June 2013 UniProtKB/ Swiss-Prot sequences, yielding 427,592 putative non-NAD(P)-binding sequences. If the latter shared $ 40% sequence identity with the NAD(P)-binding sequences or were predicted by PSI-BLAST to be NAD(P)-binding with an E-value , 0.005, they were removed. This yielded 402,353 non-NAD(P)-binding sequences (1d-nonNAD(P) dataset), out of which 131,165 are annotated to bind nucleic acids or cofactors with phosphate groups (1d-PO 4 dataset), while the remaining 271,188 sequences are assumed not to bind to phosphate groups (1d-nonPO 4 dataset) (Fig. 2,  right) . A subset of 949 FAD-binding sequences (1d-FAD dataset) was extracted from the 1d-PO 4 dataset using the ligand keyword FAD in the UniProtKB/Swiss-Prot database 1 .
Secondary structure prediction. Since the 1d motifs were derived from locally conserved ba structures (see Fig. 1 ), secondary structures were assigned to the sequences in the 1d-NAD(P) and 1d-nonNAD(P) datasets as follows: First, sequences that share $40% sequence identity were grouped together 18 and the longest sequence in a group was chosen as the representative one. This yielded 2,377 NAD(P)-binding and 78,656 nonNAD(P)-binding nonredundant sequences. Next, Porter 4.0 20 was used to predict the secondary structure of each nonredundant sequence. Sequences that share $40% sequence identity were aligned using Clustal Omega 1.20 21 and assigned the predicted secondary structures of the nonredundant sequence. A hit was recorded if a 1d sequence matched one of the 1d motifs in Fig. 1 and the matched segment has a ba structure (Fig. 3, right) .
Structural similarity definition. To determine whether a PDB structure contained any of the distinct pyrophosphate-binding 3d motifs in Fig. 1 , we used two similarity measures: (1) the root-mean-square deviation of Ca atoms (RMSD) and (2) the rootmean-square deviation of dihedral angles (RMSDa). First, a 12-residue sliding window was used to scan each protein in the 3d datasets (see above). Each 12-residue segment, described by a vector of backbone w and y dihedral angles V 1 (w 1 , y 1 ,…, w 12 , y 12 ), was superimposed upon the central 12 residues of each distinct pyrophosphatebinding structure, described by the vector V 2 (w 1 , y 1 ,…, w 12 , y 12 ). The RMSDa was computed according to:
The PDB structure containing V 1 (w 1 , y 1 ,…, w 12 , y 12 ), was considered to possess a given pyrophosphate-binding structure in Fig. 1 if the RMSDa was #30u and the pairwise Ca RMSD was #1.0 Å (Fig. 3, left) .
